�� ��� ������� ������ � ������������ ������ ���������-romethyl)phenyl piperazin moiety was linked to a 2,2-dimethyl -2H-benzopyran template to generate (3R,4S)-2,2-dimethyl-6-������������3����������m�����)������)������z���1���) ����m�� -3-ol (C110g), and the cellular and molecular mechanisms by which C110g exerts cytotoxic effects on the HeLa human cervical cancer cell line were further investigated. C110g suppressed the viability of HeLa cells in both concentrationand time-dependent manner (IC 50 of 17 µM) by inducing DNA damage and G1 cell cycle arrest. Characteristic changes in nuclear morphology and Annexin V/PI staining pointed to apoptosis as the mode of cell death. The levels of p53 and p21 were increased in the C110g-treated cells, with a corresponding increase in Bax/Bcl-2 protein ratio. Subsequently, C110g induced the cytoplasmic release of cytochrome c from the mitochondria accompanied by a decreased mitochondrial membrane potential and activation of caspase-3 and -9. These results confirmed that the C110g transduced the apoptotic signal via the mitochondrial pathway. Caspase-8, typically associated with the initiation of the death receptor pathway, was activated, suggesting the extrinsic pathway might also be involved. However, C110g did not result in reactive oxygen ������� �ROS) ����������. T�k�� ��������� ����� fi������ ����-cate that the DNA damage-dependent p53-regulated mitochondrial pathway as well as the extrinsic pathway play a crucial role in C110g-induced apoptosis, which provide a better ������������� �f ��� m�������� m�������m� �f ��������m����� benzopyrans in cervical cancer.
Introduction
Cancer is the second leading cause of death worldwide accounting for 7.2 million deaths in 2008 (1) , and the global burden of cancer continues to increase largely, with an estimation of over 13 million cancer deaths by the year 2030. Therefore, searching for novel classes of therapeutic compounds and unveiling their molecular mechanisms are desperately needed. Numerous studies have shown that cytotoxic agents and DNA damaging agents can induce cell cycle arrest and apoptotic cell death (2) (3) (4) .
Damage in the DNA leads to the activation of the phosphoinositide 3-kinase-related protein sensor kinases ATM and ATR, which initiate the DNA damage response in cooperation with other effector proteins such as p53. P53 holds the cell at a checkpoint by inducing p21, leading to cell cycle arrest and active DNA repair systems. If the damage is irreparable, p53 triggers senescence or apoptosis (5) . Apoptosis is a highly regulated mechanism leading cells to undergo programmed cell death through two main cascades: the extrinsic and the intrinsic pathways (6, 7) . The extrinsic pathway is characterized by the activation of death receptors and the resultant activation of caspase-8; in the intrinsic pathway, cytochrome c from mitochondria to cytoplasm activates caspase-9 and thus initiate the caspase cascade leading to apoptosis (8) . The link between the caspase cascade and the mitochondria is provided by the Bcl-2 family members, which guard mitochondrial integrity and control the release of mitochondrial proteins into the cytoplasm (9, 10) .
Natural products play important roles in both drug discovery and elucidation of complex cellular mechanisms. Despite the increased need for new natural products, their isolation and structure determination still remain a highly labor-intensive process. As a result, chemists are enthusiastic to synthesize new natural product analogues or natural product-like small molecules with biological diversities. 2,2-dimethyl-2H-benzopyran, a structural motif found in numerous natural products, was selected as a privileged structure (11) for the construction of natural product-like libraries with a wide range of biological activities such as potassium channel activating, anticancer, antibacterial and inhibition of protein kinases (12 (14, 15) . In this study, biologically active 3-(trifluoromethyl)phenyl piperazin moiety was linked to 2,2-dimethyl-2H-benzopyran template to give the formation of (3R,4S)�2�2���m������6�������������3����������m�����)������) piperazin-1-yl)chroman-3-ol (C110g) (Fig. 1A) . Possible pathways and related molecular mechanisms by which C110g induces cytotoxicity in human cervical cancer HeLa cells were further investigated. 
Materials and methods

Materials
Determination of ROS generation and effect on cytotoxicity
by ROS scavenger. The production of ROS was monitored ����� � ����������� �������m���� w��� �� �x����������������� ���������� ����� 2' �7'������������������ ��������� �DCF�DA) �19). B������ �f��� C110� �����m���� ����� w��� ��������� ��� suspended in 0.5 ml PBS containing DCFH-DA (10 µM) for 30 m�� �� 37˚C �� ��� ���k� f����w�� �� q����������� �������� �� a FACScan cytometer with the Cell Quest software. To further determine the effect of ROS on cytotoxicity induced by C110g, NAC, a general ROS scavenger, was added to the culture medium 1 h before treatment with C110g. The cytotoxic effect of C110g was measured using CCK-8 kit in the presence or absence of ROS scavenger.
Determination of mitochondrial membrane potential (∆Ψm).
Variations in ∆Ψm were measured using JC-1 (5,5' ,6,6'-tetrachloro-1,1' ,3,3'-tetra-ethylbenzimidazolylcarbocyanine iodide) as ∆Ψm ��������� �20). B������ �f��� C110� �����m���� ����� were harvested and suspended in 0.5 ml PBS containing JC-1 �2 µM) f�� 30 m�� �� 37˚C �� ��� ���k� f����w�� �� q����������� analysis in a FACScan cytometer with the CellQuest software. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a mitochondrial membrane potential disrupter, was used as the positive control for the study of ∆Ψm.
Western blot analysis. Total cell lysates and cytosolic fractions w��� �������� ��������� �� ��� �������� ����� �21). B������ equal amounts of protein (20-50 µg/well) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes (Schleicher & Schuell, USA) by western blotting. The results w��� q�����fi�� ����� �m���J 1.�3 C) �N������� ���������� �f Health, Bethesda, MD, USA).
Single-cell gel electrophoresis. To examine the DNA damage in the single-cell suspensions, we performed an alkaline single-cell gel electrophoresis (comet assay). The comet assay was carried out as previously described (22) . The data were analyzed using the Comet 5.5 software. Olive tail moment (OTM) approved by Olive was used to evaluate DNA damage. OTM, expressed in arbitrary units, is calculated by multiplying ��� ������� �f DNA ������������) �� ��� ���� �� ��� ������ �f the tail in µm (23, 24) . The tail length is measured between the edge of the Comet head and the end of its tail. A major advantage of using the OTM as an index of DNA damage is that the amount of damaged DNA and the distance of migration of the genetic material in the tail are represented by a single number (25) .
Statistical analysis. Data were collected and expressed as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed by one-way analysis of variance (ANOVA) and differences from the respective controls for each experimental test condition were determined ����� �������. T�� ��������� f�� �����fi����� w�� ��� �� P<0.05. The 19th version of SPSS (SPSS, Chicago, IL, USA) and Microsoft Excel 2007 (Roselle, IL, USA) were used for the statistical and graphical evaluations.
Results
C110g inhibits cell viability and proliferation in HeLa cells.
The cytotoxic effect of C110g on HeLa cells was initially evaluated using WST-8 assay. Cells were treated for 24 and 48 h with a range of drug doses (2.5-40 µM) to determine the IC 50 value of C110g. Cell viability was determined and dose response curves were plotted (Fig. 1B) . Longer incubation with ��� ���� ��8 �)� �����fi������ ������� ��� �C 50 value to 17 µM which was used in all subsequent time course experiments. The effect of C110g on proliferation of HeLa cells is illustrated in Fig. 1C . The number of C110g-treated cells gradually increased to 36 h and began to decrease at 48 h, whereas the untreated cells maintained an exponential proliferation rate. A �����fi���� ��ff������ �� ��� ���������� f��m ��� ������� was observed at 36 h, showing that C110g inhibited HeLa cell proliferation after a 36-h incubation.
C110g induces apoptosis in HeLa cell. Many anticancer drugs act through the induction of apoptosis (26) . Microscopic examination of C110g-treated HeLa cell cultures revealed a time-dependent cell death with characteristics of apoptosis, such as cell shrinkage, membrane blebbing and fragmentation of cell into apoptotic bodies ( Fig. 2A) . Hoechst 33342 staining confirmed apoptotic death by the appearance of nuclear fragmentation and chromatin condensation in C110g-treated cells (Fig. 2B) 19.18 and 7.7%, and 17.96 and 15.11%, respectively (Fig. 2C) , showing that early apoptosis occurred at 24 h and peaked at 36 h, while late apoptosis became evident at 36 h and continuously increased at tested time-points.
C110g induces p53-dependent cell cycle arrest.
Flow cytometry data exhibited accumulation of cells in the G1 phase with reduction in the S-phase after 24-h treatment with C110g, whereas only modest alteration in the G2/M phases (Fig. 3A) . Consequently, the G1/S ratio, which was used as an index of G1 ������� ��������� �����fi������ �� � ��m����������� m����� �� ������� ������ �P<0.05)� w���� k��� �q�������� ����� �� control group through 12-48 h. Moreover, Fig. 3B shows a �����fi���� ��������� �f ��� [ 3 H]dTTP incorporation in HeLa cells during S-phase of cell cycle, suggesting that there was an inhibitory effect of C110g on the process of DNA synthesis after 24 h. The data reveal that the actions of C110g blocked HeLa cells in the transition from the G1 to the S-phase of cell cycle, suggesting that the observed apoptosis induced by C110g might be due to an arrest of DNA synthesis, thereby, inhibiting further progress in the cell cycle.
To further investigate the molecular mechanisms by which C110g induced G1 cell cycle arrest in HeLa cell, the expression level of G1/S-phase regulatory proteins, p53 and its effector p21 was examined using western blot analysis. As shown in Fig. 3C, p53 and p21 protein levels were markedly increased in early time-points and further decreased with time, peaking at 12 and 24 h respectively. These results suggest that C110 induces cell cycle arrest and apoptosis in a p53-dependent manner in HeLa cells.
The effects of C110g on ROS generation and ∆Ψm level in HeLa cells.
To determine the involvement of ROS in C110g-induced cytotoxicity of HeLa cells, ROS production was measured using DCF-DA. Fig. 4A shows that ROS levels were reduced in treated groups, compared with untreated control. Moreover, treatment of NAC, a general ROS scavenger, did not affect cell death induced by C110g in HeLa cells (Fig. 4B) . These results indicate that C110-induced apoptotic cell death in HeLa cells did not require the generation of ROS.
It is known that the loss of ∆Ψm is associated with apoptotic cell death induced by various stimuli (29) . In this study, JC�1� � m�����������������fi� ��� ����������������� ���� w�� employed to determine whether the mitochondrial metabolism played a role in the apoptosis of HeLa cell by C110g. The mitochondrial depolarization is indicated by a decrease in the ���/����� ����������� ��������� �����. A� ���w� �� F��. �C� treatment of cells with C110g (17 µM) after 6 h or positive ������� CCCP �������� �� �����fi���� ��������z����� �f ∆Ψm �� �������� �� � ���m���� ������ �� ����������� f��m ��� �� ����� �P<0.05). M��k�� �������� �f ∆Ψm demonstrate that dysfunction of mitochondria may be involved in the apoptosis induced by C110g.
C110g regulates Bax and Bcl-2, induces cytochrome c release and causes activation of caspases.
Bcl-2 family of proteins, which comprises both pro-apoptotic and anti-apoptotic members, play an important role in p53-dependent apoptosis (30) . In our experiments, after treatment with C110g, the pro-��������� ������� B�x w�� ������������ �������� �P<0.05)� while the anti-apoptotic member Bcl-2 was kept in equivalent level (Fig. 5A) . Correspondingly, the ratio of Bax/Bcl-2, which is crucial for activation of mitochondrial apoptotic pathway, ��������� ���m�������� �P<0.05). F������m���� ��������m� c was released from the mitochondria to the cytosol and Apaf-1 protein expression was increased. Caspases are another important family of proteins involved in the downstream events of p53-mediated apoptosis (7). Decreases in procaspase -3, -8 ��� �9 �x�������� ������ w��� �������� �P<0.05)� ��m��-strating the activation of caspase cascade (Fig. 5B ).
C110g induces DNA damage. Damage in DNA initiates the DNA damage response, which cooperates with the effector proteins such as p53 inducing cell cycle arrest and DNA repair or apoptosis (31) . To determine directly if C110g induces DNA damage, we performed an alkaline comet assay, a sensitive method that detects DNA single-and double-strand breaks, alkali-labile sites, and incomplete excision repair sites at the single-cell level based on the increased tail of DNA migration (32) . As Fig. 6 shows, the DNA from C110g treated cells exhibited typical formation of comet, while control cells showed a well defined circular nucleus. DNA damage, as indicated by OTM, started to be evident as early as 12 h after �����m��� �P<0.05)� ��� f������ ��������� �� � ��m����������� manner. After 48 h, almost the entire population of HeLa cells contained damaged DNA.
Discussion
In this study, biologically active 3-(trifluoromethyl)phenyl piperazin moiety was introduced to the 2,2-dimethyl-2H-benzopyran template to form C110g and the cytotoxic effect on HeLa cells was evaluated. Our results showed that C110g significantly inhibited cell viability in a concentation-and time-dependent manner. With IC 50 value of 17 µM after 48-h treatment, C110g enhanced the anticancer activity to a large extent, as compared to that of cromakalim analogues based on 2,2-dimethyl-2H-benzopyran template in our previous study (21) . According to their chemical structures, the increased �������� m�� �� ��� �� ��� �������� �f ��������m����������� group in C110g which increases the lipophilicity and affects the partitioning of C110g into membranes and facilitates hydro-������ ������������ �f C110� w��� �����fi� ������� �������.
To gain better insights into the mechanism of cytotoxicity induced by C110g, further investigation was done for the cellular and molecular mechanisms associated with the inhibitory role of C110g including apoptosis, cell cycle arrest and DNA damage. Marked morphological changes indicative of cell apoptosis were clearly observed and the apoptotic cell population increased time-dependently with C110g treatment. The Bcl-2 family proteins Bax (pro-apoptotic protein) and Bcl-2 (anti-apoptotic protein) play important roles in initiating the mitochondria-mediated apoptosis (30) and the ratio of Bax to Bcl-2 is crucial to drug-induced disruption of ∆Ψm and the release of cytochrome c into the cytosol (33) . Although C110� ��� �� �����fi���� �ff��� �� B���2� ��� �������m��� �f B�x �x�������� ����� �����fi������ ��������� ��� ����� �f B�x/ Bcl-2, and then promoted the release of cytochrome c from mitochondria (Fig. 5A) . ∆Ψm was further determined by both �����m��� 123 ��� JC�1 �������� ������. A �����fi���� �����-tion of ∆Ψm was observed using JC-1 staining, as indicated by a �������� �� ��� ���/����� ����������� ��������� ����� �F��. �C). However, rhodamine 123 assay gave the opposite result with ���������� ���������� ������� ����� ��� ���w�). T��� ����� be due to rhodamine 123 being a substrate of P-glycoprotein (P-gp), which is usually overexpressed in cancer cells and substances blocking calcium influx have been found to antagonize P-gp-mediated multidrug resistance (MDR) (34) . Since a series of 4,6-disubstituted 2,2-dimethylbenzopyrans, structurally like C110g, were reported to be potassium channel openers, leading to reduction of intracellular calcium (35) (36) (37) , C110� m���� ���� ����k ��� ������m ����x ��� ������� P��� activity. However, this need to be investigated in further detail later. Following the release of cytochrome c into cytosol, it binds Apaf-1 and promotes caspase activation (7) . While multiple caspases exist within the cell, initiator caspases ��� ������� ���������� �� �����fi� ����w��� ��� �� ��������9 is involved in the intrinsic pathway, caspase-8 is typically associated with the initiation of the death-receptor pathways which are independent of mitochondria (38) (39) (40) (41) . In our study, the event is clear. After 24 h of C110g treatment, caspase-3, -8 and -9 were all activated in HeLa cells, indicating both intrinsic and extrinsic pathways are involved in the C110g-induced apoptosis.
The cell growth and inhibition are both tightly mediated through cell cycle control (42) , and the dysregulation of cell cycle progression has been implicated in the initiation of apoptosis (43) . C110g treatment resulted in a marked G1 phase cell cycle arrest accompanied by a decrease of S-phase cells (Fig. 3A) . Having a key role in cellular responses to various stimulations, p53 serves as a major barrier for carcinogenesis by inducing cell cycle arrest and apoptosis (44) . P53-mediated cell cycle arrest is partly achieved through the transcriptional activation of p21
, a potent cyclin-dependent kinase inhibitors (CKI) from G1 to S-phase (45) . Accumulation of p53 and induction of p21 by C110g were detected and peaked at the earliest time-points of 12-24 h, whereas increased levels of the apoptotic proteins Bax, cytosol cytochrome c, Apaf-1 and caspase family proteins peaked at 48 h. Moreover, results from the comet assay showed obvious DNA-strand breaks after only 12 h of incubation with C110g. Therefore, the G1 cell cycle arrest and apoptosis induced by C110g may, in part, be due to the induction of the DNA damage dependent p53-regulated signaling pathways.
In conclusion, based on these observations, we have �������� ���������� �������� ���� C110� �ffi������� �������� the growth of HeLa cell through p53-and mitochondriadependent pathways as shown in Fig. 7 . Further investigation on both in vivo and in vitro cervical cancer models is needed. 
